A hybrid Hartree-Fock and density functional theory, in which Hartree-Fock exchange is mixed with density functional theory exchange functionals, using Beckes' three-parameter method, combined with the non-local correlation functionals by Perdew and Wang, allows us to achieve the best agreement with experiment (11.00 eV) for the BaF 2 band gap (11.30 eV). The characterization of F centres in BaF 2 is still a question of debate. In order to understand the behaviour of the material, we performed ab initio calculations to determine their electronic structure, atomic geometry and formation energy. We also calculated the M centre, the simplest aggregation of two F centres, and the results show that the β band absorption in BaF 2 is predominantly due to the presence of M centres.
Introduction
Despite the fact that BaF 2 has enough technological potential, there has not been much theoretical work carried out. BaF 2 is an important member of the alkali earth fluorides and has been studied for its intrinsic optical properties [1] [2] [3] [4] . These optical properties are related to the structural and electronic properties of BaF 2 , such as a very large band gap. The energygap width between valence and conduction bands at the point in BaF 2 according to ab initio calculations performed by means of the full-potential linearized augmented plane-wave (FPLAPW) method, as implemented in the WIEN-97 code [5] , is 7.49 eV, considerably less than the experimental value of 11.00 eV [6] . BaF 2 is also the fastest luminescent material that has been found to date [7] . Recently, BaF 2 has also been found to exhibit superionic conductivity by dissolving appropriate impurities into the lattice or by introducing an interface that causes the redistribution of ions in the space charge region, and is therefore considered as a candidate material for high-temperature batteries, fuel cells, chemical filters and sensors [8] .
H Shi et al
Arends [9] discovered the paramagnetic resonance of F centres in additively coloured BaF 2 . This defect is an electron trapped in an anion vacancy which is created on removal of the anion by irradiation or by additive colouration. The electron-nuclear double resonance (ENDOR) measurements of Hayes and Stott [10] and Stoneham et al [11] have confirmed the results of the electron paramagnetic resonance (EPR) method for BaF 2 . Theoretical study of F centres in BaF 2 based on a quantum molecular cluster embedded in a classical crystal was performed by Vail et al [12] . Their work is initial research on a diffuse excited electronic state of the F centre. Accordingly, other computational details of the F centres in BaF 2 are not included in their paper. Recently, nominally pure BaF 2 crystals were investigated at 77 K with optical absorption and EPR to understand the mechanism of radiation damage. Nepomnyashchikh et al [4] measured that x-ray irradiation at 77 K of undoped BaF 2 produces V k and F centres having absorption bands at 3.4 and 2.3 eV, respectively. The V k centre is formed when a hole is trapped by the fluorine ion in BaF 2 crystal.
The characterization of F centres in BaF 2 has important technological implications, but it appears that the electronic structure of F centres is far from being understood, even from a qualitative point of view. In this paper, we performed ab initio calculations to determine their electronic structure, atomic geometry and formation energy. To get a reliable basis for defect calculations, which firstly requires a precise description of the band gap, we calculated the electronic structure of BaF 2 bulk. In a second part of the paper, we present theoretical investigations for pure BaF 2 (111), (110), (100) surfaces and F centres therein.
Method of calculations
To perform the first-principles DFT-B3PW calculations, we used the CRYSTAL2003 computer code [13] . This code employs Gaussian-type functions (GTF) localized at atoms as the basis for an expansion of the crystalline orbitals. Features of the CRYSTAL2003 code, which are most important for this study, are its ability to calculate the electronic structure of materials within both Hartree-Fock and Kohn-Sham (KS) Hamiltonians. However, in order to employ the LCAO-GTF (linear combination of atomic orbitals) method, it is desirable to have optimized basis sets (BS). Such BS optimization for BaTiO 3 perovskite was developed and discussed in [14, 15] . The Hay-Wadt small-core effective core pseudopotential (ECP) was adopted for the Ba atom [16] . The small-core ECP replaces only inner core orbitals, but orbitals for subvalence electrons as well as for valence electrons are calculated self-consistently. In the present paper, we used this new BS for the Ba atom. The basis sets are believed to be transferable, so that, once determined for some chemical constituent, they may be applied successfully in the calculations for a variety of chemical substances where the latter participates. Besides giving a reasonable lattice constant [14] , our basis set for Ba also allowed us to achieve excellent results for BaTiO 3 (001) surface relaxation and the surface band structure [15] . For the F atom we used the same basis set as in our previous paper, dealing with the CaF 2 electronic structure and F centres therein [17] .
In our calculations, we used a hybrid Hartree-Fock (HF) and density functional theory (DFT) exchange functional, in which HF exchange is mixed with DFT exchange functionals, using Beckes' three-parameter method [18] , combined with the non-local correlation functionals by Perdew and Wang (B3PW) [19] [20] [21] . It is well known that the HF method considerably overestimates the optical band gap and DFT underestimates it, but the B3PW method, as shown in our previous calculations, allows us to achieve excellent agreement with the experimental band gap [1, 14, 15] . The reciprocal space integration was performed by sampling the Brillouin zone of the unit cell with the 8×8×8 Pack-Monkhorst net [22] . Another advantage of the CRYSTAL2003 code is its treatment of purely two-dimensional slabs, without artificial periodicity in the direction perpendicular to the surface, commonly employed in most other surface calculations [23, 24] .
To simulate F centres, we started with a 48-atom supercell with one of the fluorine atoms removed. After the fluorine atom is removed, the atomic configuration of the surrounding atoms is re-optimized via a search for the total energy minimum as a function of the atomic displacements from the regular lattice sites. In order to have an accurate description of the F centre, a basis set has been added at the fluorine vacancy, corresponding to the ghost atom [17] . For the ghost atom, we used the same basis set as that used for the F − ions of the bulk BaF 2 . For the M centre system, we used a 96-atom supercell with two of the neighbour fluorine atoms removed. It is found that rather limited basis sets are enough to predict excitation energies of the F and F + centres in MgO [25] that are near to each other, as is observed experimentally.
BaF 2 bulk and surface electronic structure
As a starting point for our calculations, we calculated the BaF 2 lattice constant (6.26Å) and bulk modulus (61 GPa). Our results are in good agreement with the experimental data for the lattice constant (6.20Å) and the bulk modulus (57 GPa) [26] . The Ba and F effective charges (obtained using the Mulliken population analysis) (+1.845e and −0.923e, respectively) are very close to those expected in an ionic model (+2e and −1e, respectively). The F-F bond population (−2me) is close to zero and the F-Ba bond population (−38me) is even negative, which indicates repulsion. Experimentally, the direct band gap ( → ) for BaF 2 bulk is 11.00 eV [6] . Our calculated (see figure 1 ) band gap for BaF 2 by means of B3PW method (11.30 eV) is in much better agreement with experiment, such as the recent result of Khenata et al (7. 49 eV) using the FPLAPW method [5] . Our result for the BaF 2 band gap is in a line with the early conclusion by Muscat et al [27] that the hybrid scheme allows us to achieve the best agreement with experiment for the band gaps of a variety of materials.
We calculated the surface energetics using the following equation: where n is the number of bulk primitive cells in the slab. E bulk is the total energy per bulk unit cell, and E (relax) slab is the total energy for a relaxed slab containing n layers. According to the results of our calculations, using the slab containing 15 layers, the BaF 2 (111) surface (0.334 J m −2 ) is the most stable one. Our calculated surface energy for the (110) surface is considerably larger (0.494 J m −2 ) than for the (111) surface. Finally, our calculations show that the surface energy for the (100) surface is the largest one (0.666 J m −2 ). We also calculated the surface energies for these three cases containing 13 and 17 layers, respectively, and the results show that the surface energies do not change. According to our knowledge, there are no experimental data dealing with surface energies of BaF 2 . In comparison with our previous calculations for CaF 2 , we predict that the BaF 2 (111) surface (0.334 J m −2 ) is slightly more stable than the CaF 2 (111) surface (0.438 J m −2 ) [17] . The structure of the BaF 2 (111) surface and the directions of atomic displacements are illustrated in figure 2. The calculated atomic displacements in the upper three layers (nine sublayers) are listed in table 1. According to our calculations, the relaxation of F atoms in the upper sublayer of the top (111) surface layer is inward by 0.054Å, and is comparable with experiment (0.12 ± 0.07Å) [28] , which investigated the BaF 2 (111) surface by means of low-energy electron diffraction (LEED). The experiment also shows that the positions of Ba atoms, as well as those of the second fluoride sublayer in this topmost F-Ba-F sheet, are almost identical to their bulk values. Our results of the displacements of Ba atoms and lower F atoms in the topmost F-Ba-F layer are in agreement with this experiment. The surface-layer relaxation of F atoms in the BaF 2 upper sublayer has the same direction and comparable magnitude as we found earlier for CaF 2 [17] .
We also calculated the geometry relaxation for the (110) and (100) slabs. For the (110) surface, Ba atoms in the top layer move inward (towards the bulk) by 3.15% of the lattice (see table 1 ) backwards from the bulk. Also, for the deeper layers, the magnitudes of the atomic displacements in the case of the (110) surface are considerably larger than for the (111) surface. For the (100) case, F atoms in the top layer are relaxed most noticeably, by 6.53% of a 0 towards the bulk. According to our calculations, we found that the relaxation of (100) surface is considerably stronger than for the (111) and (110) surfaces. The cation effective charges in the top BaF 2 (111) surface layer (+1.838e) turn out to be smaller than in the bulk (+1.845e), whereas the F charges (−0.918e) in the upper sublayer of the top surface layer are larger by 0.005e than in the bulk (−0.923e). Changes in the atomic charges in the deeper layers become very small. The charge of the (110) surface top layer fluorine atoms is −0.908e, and increases by 0.015e in comparison to the bulk, and by 0.010e relative to the (111) surface top layer fluorine atoms. The largest change in charge is for the BaF 2 (110) surface top layer Ba atoms. Their charge is reduced by 0.042e in comparison to the bulk charge (+1.845e) and is equal to +1.803e. Charges in deeper (110) slab layers become very close to the relevant Ba and F charges in the bulk. Static Mulliken charges of atoms for the BaF 2 (100) surface differ from the bulk charges by +0.047e for the F in the top layer and by −0.051e for the Ba in the second layer, which is considerably more than in the cases of (111) and (110) surfaces.
We also computed the electronic energy band structures for the BaF 2 (111), (110) and (100) surfaces. As we can see from the main results collected in table 2, the direct optical band gap for the (111) surface (10.94 eV) (see figure 3 ) is closer to the relevant optical band gap value for the BaF 2 bulk (11.30 eV) than that of the (110) surface (10.77 eV). The direct optical band gap for the BaF 2 (100) surface (10.29 eV) is considerably reduced in comparison to the BaF 2 bulk. We also found a similar effect, reduction of the (100) surface band structure, for ABO 3 perovskites [15] . 
F centre in BaF 2
To estimate the formation energy of the fluorine vacancy in BaF 2 crystal, we used the following expression [29] [30] [31] :
where E(fluorine) is the energy for the isolated fluorine atom, and E(F) and E(perfect) are the energies of the defective crystal containing the F centre and the perfect crystal, respectively. The vacancy formation energy is independent of the system size and, according to our calculations by means of the hybrid B3PW functional, equal to 7.82 eV for supercells containing 12, 24 and 48 atoms. The redistribution of the electrons after vacancy formation can be seen in figure 4 for a supercell containing 48 atoms. The analysis of the effective charges shows that the electron associated with the removed F atom is well localized (−0.801e) inside the fluorine vacancy (V F ), −0.068e is localized on the four nearest Ba atoms and −0.036e on the six second-nearestneighbour fluorine atoms. According to the results of our calculations, the experimentally measurable F centre spin density is equal to 0.747e (see table 3 ). Unfortunately, we did not find the experimental data for the F centre spin density in BaF 2 in the literature.
The fluorine vacancy site (F centre) is surrounded in the ideal lattice by four Ba atoms forming a tetrahedron (see figure 5) . The next-nearest-neighbour shell is formed by six fluorine atoms. The positions of 10 atoms surrounding the F centre in BaF 2 with point group symmetry T d after lattice relaxation to the minimum of the total energy are calculated by means of the B3PW method. The conclusion is that the repulsions of the four nearest Ba atoms from the F centre by 0.03% a o and inward displacements of the second-nearest-neighbour F atoms by 0.23% a o are small, since the effective charge of the F centre is close to the effective charge of the fluorine atom. We found that the defect-defect coupling due to the periodically repeated defects in our supercell model is negligible for the 48-atom supercell, since the width of the defect band is only 0.016 eV. As mentioned in the introduction, BaF 2 exhibits optical absorption, centred around 2.3 eV [4] . Our results for defect levels (see figure 6 ) suggest a possible mechanism for this optical absorption. In the ground state, the defect band is occupied in the α graph and unoccupied in the β figure (see figure 6 ). The optical absorption corresponds to an electron transition from the F-centre ground state to the conduction band. Because of the spin difference between α and β states and the selection rules, the electron transition from the α occupied band to the β unoccupied band is impossible. The experimentally observed optical absorption could be due to an electron transfer from the F-centre ground state, located at the point 7.01 eV above the valence band top to the conduction band bottom. The corresponding calculated value is 4.27 eV, which, however, still differs considerably from the experimental result. This discrepancy may be caused by the reason that we calculated the optical absorption energy as a difference between occupied and unoccupied one-electron energies, which in general is a very crude approximation, but could be justified in our case by the fact that we have excellent agreement between the experimental and our calculated band gap.
The presence of an unpaired electron is also revealed by the band structure of the defective system, given in figure 6. The bound unpaired electron level lies in the gap; the corresponding unoccupied level appears in the β spin structure, again in the gap but at positive energies. Unlike unpolarized band structure curves whose states can be occupied by two electrons, only one electron occupies one state in figure 6. A hyperfine structure of the EPR spectra can be detected, due to the interaction between the unpaired spin and the spin of neighbouring nuclei. This information gives better insight into the structure of the defect. The isotropic hyperfine interaction is caused by the non-zero probability of an electron being in the position of a given nucleus. This is only true for the s-type orbitals (they are the only ones which do not become zero at the origin). The anisotropic contribution is due to the presence of higher-order poles, and it is indicative of the deformation of the electronic density with respect to the spherical distribution.
The electron and nuclear spin coupling term H S in the Hamiltonian is defined as:
where S and N denote the electron and the nuclear spin vector operators, respectively,S is the transpose of S, and A is known as the hyperfine parameter matrix. The symmetry properties of A allow its decomposition into two terms as follows:
T being a traceless tensor, I 3 a 3 × 3 identity matrix and A 0 a scalar quantity. Thus, substituting (4) into (3), H S can be written as the sum of an isotropic (iso) and an anisotropic or dipolar (dip) component:
with
and
Usually, the experimental hyperfine coupling data are reported in terms of the isotropic a and anisotropic b hyperfine coupling constants. For each nucleus N, they (in MHz) are expressed as [32] 
where the spin density ρ α−β at N, the elements of the hyperfine coupling tensor T, and the electron g factor are the only terms that depend on the electronic structure of the system. All other multiplicative factors in (7)-(9) are tabulated constants [32, 33] (h is the Planck constant, β e and β n are the electronic and nuclear magnetons, µ 0 is the permeability of the vacuum, and g N is the nuclear g factor). T is a tensor of rank 2, which is obtained as the field gradient of the spin density at N. Its generic element has the form: (10) where the origin of the Cartesian reference system is at nucleus N, r i denotes the i th component of r, and ϕ ν (r − G) is the νth atomic orbital centred in cell G. P spin µνG is the direct space spin density matrix element connecting the µth atomic orbital in the zero cell (the reference cell) to the νth one in cell G.
The calculated and experimental values of a for the coupling of the unpaired electron spin to nuclear spins are presented in table 4. For F(1), our calculation underestimates the experimental value by nearly 45%, but it is better than other theoretical results [11, 34] . The evaluation of F(3a) is in good agreement with experiment, but F(2) and F(3b) are underestimated considerably.
A comparison of our B3PW calculation for the anisotropic hyperfine constants b with other theoretical studies and experimental results [11] is also presented in table 4. The agreement for b constants is much better than for a. From table 4, we find it difficult to give good theoretical results for hyperfine constants, unlike the lattice constant, bulk modulus and band gaps. However, on the whole, our results for hyperfine coupling look quite reasonable. 
M centre in BaF 2
F centres in additively coloured alkaline earth fluoride crystals readily aggregate, forming more complex centres [35] . The simplest aggregate, the M centre (see figure 7) , is composed of two F centres. We computed a 96-atom supercell with two of the neighbour fluorine atoms removed. The redistribution of the electrons after M-centre formation was calculated using the hybrid B3PW method (see figure 8) . The effective charges of the anion vacancies in this M-centre case are −0.794e and increase slightly by 0.007e in comparison with the F-centre case. Bond population analysis between vacancy-vacancy (+142me) in the M-centre system and the F-F bond (−2me) in perfect BaF 2 bulk shows that the major effect observed here is a considerable covalency.
Ba Ba
Ba Ba Ba Ba The β band absorption is predominantly due to the presence of M centres [35] . In the M-centre case, the α band is occupied by two electrons, so the electron transition from the α band to the β band is possible. M centres contribute to absorption in the β band, and this band will sometimes be referred to as the M band. Our calculation of the direct optical gap ( → ) for M centres in BaF 2 is 1.38 eV and is much smaller than the corresponding value in the Fcentre case (4.27 eV) (see figure 9) . A similar phenomenon, a decrease in the optical gap for M centres, was also observed for CaF 2 and SrF 2 [35] . Compared with figure 6 , the α band moves upward (toward the gap) ( point) by 0.74 eV, whereas the β band shifts downward by 0.55 eV. 
Surface F centres in BaF 2
As an extension of our study dealing with F centres in BaF 2 bulk, we performed calculations for BaF 2 surface F centres. The atomic and electronic structure of surface F centres in BaF 2 is practically unknown, and according to our knowledge has never been addressed in the literature.
In the present work, we have studied the surface F centres on the BaF 2 (111) surface, which is the most stable surface according to our previous discussion about the pure BaF 2 slabs. We performed our surface F centre investigations for a slab containing four layers. Each layer consists of three sublayers, containing nine atoms. Therefore, we performed the surface F centre calculations for supercells containing 108 atoms.
According to the results of our calculations, the formation energy for the surface F centre located in the top layer was found to be 7.48 eV. The conclusion can be drawn that the defect formation in the BaF 2 (111) surface is 0.34 eV smaller than in the bulk. This is similar to what has been obtained for other materials and is due to the reduced coordination at the surface [36] . The lower formation energy for a surface F centre shows the preference for F centres located near the surface.
The relaxation of the atoms nearest to the surface F centre is calculated. Unlike the slight repulsion in the bulk F centre case, the nearest three Ba atoms located in the second sublayer of the top surface layer approach the surface F centre by 0.13% a 0 . The three neighbouring F atoms located in the third sublayer of the first surface layer are attracted to the surface F centre by 0.37% a 0 . The magnitude of this displacement is larger than that in the bulk F centre case (0.23%) by around 60%.
With respect to the electronic structure of the surface F centre in BaF 2 , the effective charge analysis shows that the electronic density around it is slightly more delocalized than that corresponding to the bulk F centre. Figure 10 shows the top view of the surface F centre see table 3 ). The charges of the nearest Ba atoms of the surface F centre (+1.813e) are reduced by 0.015 e in comparison with the charges of the respective Ba atoms (+1.828e) near the bulk F centre. Bond populations between the surface F centre and the nearest Ba atoms are calculated. The major effect observed here is a strengthening of the surface F centre and Ba chemical bond. The surface F centre-Ba bond population is 28me, which is larger than the relevant value in the bulk by 10me. A similar but stronger effect, strengthening of the Ti-O chemical bond near the surface, was observed earlier also for SrTiO 3 [37, 38] .
The α energy band corresponding to the surface F centre at point is located 6.83 eV (0.18 eV lower than in the bulk F-centre case) above the valence band top and is separated from the conduction band bottom by 3.98 eV (see figure 11) . Because of the surface effect, this gap is smaller than the corresponding value in the bulk F-centre case (4.27 eV). On the other hand, the β band is located 9.83 eV above the valence band top and shifts downward by 0.08 eV with respect to the bulk F-centre case. The negligible dispersion effect of the defect band for a 108-atom supercell means that the defect-defect interaction is practically eliminated, thus approaching the desired isolated single F centre limit.
Conclusions
It is well known that the Hartree-Fock calculation usually overestimates the band gap by a factor of two, whereas methods based on density functional theory considerably underestimate it. In order to solve this problem, we demonstrate that it is possible to achieve the best agreement with experiment (11.00 eV) by means of the hybrid B3PW method (11.30 eV).
The direct band gap for BaF 2 bulk (11.30 eV) is narrowed for the (111) (10.94 eV), (110) (10.77 eV) and (100) (10.29 eV) surfaces. This is in line with our previous study of ABO 3 [15] perovskites, where the (100) surface band gap was also narrowed with respect to the bulk. The BaF 2 (111) surface energy, according to our calculations, is the smallest one (0.334 J m −2 ), indicating that the (111) surface is the most stable one, and more stable than CaF 2 (111) surface [17] .
According to our calculations, the relaxation of F atoms in the upper sublayer of the top (111) surface layer is inwards by 0.054Å, and is comparable with the LEED experiment (0.12 ± 0.07Å) [28] . The surface-layer relaxation of atoms in the BaF 2 upper sublayer has the same direction and comparable magnitude as we found earlier for CaF 2 [17] .
The analysis of the effective charges shows that the electron associated with the removed F atom is well localized inside the fluorine vacancy. The relaxation of the atoms surrounding the F centre according to our calculations is small. The creation of a neutral fluorine vacancy in BaF 2 results in a new F-centre defect band located at the point 7.01 eV above the valence band top. We suggest that the optical absorption energy, experimentally observed in BaF 2 crystal at around 2.3 eV, can be due to electron transfer from the F-centre ground state to the conduction band. Our calculations of hyperfine coupling constants are in qualitative agreement with experimental results.
The β band absorption is predominantly due to the presence of M centres. According to our calculations, the direct optical gap ( → ) for M centres in BaF 2 is 1.38 eV and is much smaller than the corresponding value in the F-centre case.
The formation energy for the surface F centre in BaF 2 (7.48 eV) is 0.34 eV smaller than in the bulk and implicates the trend for F centres to locate near the surface.
